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TASK I

A STUDY OF RADIATION RESISTANT SEMICONDUCTOR DEVICES .

Principal Investigator: H. T. Henderson, Professor of

Electrical Engineering

-Introduction

This project began exclusively with work on single and
double-injection devices constructed of neutron-irradiated

silicon., Since the electronic properties were due to deep

‘traps induced by very high levels of neutron radiation damage,

the electrical characteristics were logically anticipated to
be insensitive to a lesser radiation environment.

More recent work has concentrated on specific contrcllable
deep-impurities in unirradiated silicon and germanium, utilized
to .obtain "S" type switching behavior (through .double injection).
and "Zener like" traps-filled-limit (TFL) behavior iﬂ single
carrier injection. ' R .

It was believed that £he latter deﬁices should also be
quite radiation-resistant. However the unique electrical
characteristics of_thése devices are of independent interest.

In view the diminished interest of NASA Lewis in radiation
resistance, with the closing of Nuclear Systems Division, the
above fact is gquite reléveqt to the present project. The

Spacecraft Technology Division of NASA Lewis is continuing

the project, due to potential applications in their area of
responsibility. '



II.

Summary of Recent Accomplishments

A. Thallium-Doped Silicon

- Thallium remained as the only classical Group III acceptor
basically uncharacterized in silicon. Preliminary information
suggested that it should lie somewhere between 0.1 and 0.26 eV
above the valence band. If the latter range were the case,
calculations suggested that it could make possible an excellent
double-injection switching device near room temperature.

“After two years of largely futile efférts to grow thallium-
doped silicon by a variety of techniques, we were able to achieve
a sufficient quantity of thallium-doping to make a very accurate
optical measurement of the energy level of thallium at 0.255 eV

above the valence band. This is very exciting news, and we plan

to report the results soon in The Physical Review.

Further, we have observed the anticipated switching behavior

at room temperature, however the results are yet preliminary.

The above work on thallium-doped-silicon has also resulted in

the completion of a Ph.D. dissertation.

B. Trap-Filling Behavior in Pyrolytically Deposited Polycrystalline--—

Films

An attempt was made to locate deep traps in the grain
boundaries and other disordered regions cof low-temperture
silane-grown silicon films (amorphous-polycrystalline).

The results have been positive, and the temperature-dependent
characteristics conform precisely to the anticipated TFL-like
behavior expected for a continuous exponential trap distribution!

Devices based upon this material should not only be radiation
resistant, but they should also be very easy and inexpensive to
prepare. The resulting characteristics are also Zener-1like,
with the slope of the vertical region of the volt-ampere |

curve predictably increasing with temperature.



This project will result in a completed Ph.D. dissertation
within approximately one month, followed by a publication in the
literature. :

A further objective of the above study was the consideration
of various geometries which might render these devices compatable
with the planar configuration common to integrated circuit

work.

C. Compensated Gold-Doped Germanium'

We earlier reported the "S" type of switching behavior in
gold-doped germanium (partially compensated with a shallow donor),
as well as low frequency, (10's of KHZ) DC-contreolled bulk.
ocillations.

~ In addition to switching applications, such devices have
. potential application as simple and inexpensive oscillators with
" both amplitude and freguency-nodulatidn capability.

| Many such devices have been prepared from a variety of
crystals and studied in a variety of environments. The
characteristics can be controlled through a combination of
temperature and magnetic field, for example. Extensive computer
modeling has been appiied durlng the past year in order to
identify the details of the oscillation mechanism. The latter
study has narrowed the mechanism to one of two possibilities,
neither of which is the classical Gunn effect.

In this project we are alsc characterizing the dynamic
switching behav1or Slmllar to amorphous switches, we have
found a characterlstlc delay or dwell time ranglng to around 10

mlcroseconds, which can be shortened variably to zero by
| increasing the drlve voltage. The actual switching tlme is
around 10-30 nanoseconds. o - ‘

ThlS task will also be the subject of a Ph. D dlssertatlon
to be completed within one or two months.



D. Optical Measurements
Since excess majority surface and bulk llfetlmes {and to some

extent, the minority carrier lifetimes) are important parameters -
in these devices, considerable attention has been given to
measurement. instrumentation for these guantities.

Also, the optical sensitivity of the switching behavior
of the devices has potential practical applications.

Much remains to be done on the devices, but out of the
instrumentation studies have unexpectedly come (;) a method
for vastly increasing the sensitivity of the Haynes-Shockley
method and (2) of measuring the true 1n3ectlon Wldth of a
p-n junctlon. This work is documented in a recent M.S. the51s

just concluded.



III. Project Papers and Documents (Prepared Last Six Months):

(1)
(2)

(3)

(4)

(5)

Data

J.H. Nevin, Analytical and Experimental Contributions -
to the Characterization of Deep Impurltles in IV-IV
Semiconductors, Ph.D. Thesis.

0.P. Saraf, Transport Studies in Germanium through Carrier
Enhancement, Using Laser and Contact Injection in the
Haynes-Shockley Experiment, M.S. Thesis.

J.H. Nevin and H.T. Henderson, "Infrared Absorption in
Thallium-Doped Silicon'", to be submitted to Phys. Rev. B.

J.H. Nevin, H.T. Henderson and M.K.L. Shen, "Factors
Affecting the Accuracy of Energy Level Determlnatlons in
Semiconductors", to be submitted to J. Appl. Phys., J.
Electronic Mat., or IEEE Tran, on Circults.

J.E. Sergent, and H.T. Henderson, "The Threshold for

Douwle iInjection with Injection-Dependent Carrier Lifetimes
in the Presence of an Electron Trap in an Arbitrary Degree
of Initial Occupancy", submittal undecided.

Complete for Following Papers:

(1)

(2)

{3)

(4)

(5)

H.T. Henderson and 0.P. Saraf, "A Method for Determining

Effective Injection Cross-Section of a Planar Configuration”.

H.T. Henderson and O.P. Saraf, "Sensitivity Enhancement in
the Haynes~-Shockley Experiment".

H.T. Henderson and M.K.L. Shen, "Variable Switching Delay
Time in Gold-Doped Germanium"

A. Dixit and H.T. Henderson, "Trapping Behavior in Low
Temperature Silane-Deposited Silicon Films",

M.K.L. Shen and H.T. Henderson, "D.C. Controllable Bulk
Oscillation in Gold-Doped Germanium".

{Copies of the above papers will be submitted when reprints are
made available).

Theses on Project:

Two Ph.D. theses are nearing completion, but titles have not

been

chosen.



TASK IT
SYNTHESIS OF HIGH TEMPERATURE ORGANIC LUBRICANTS

Principal Investigator: Hans Zimmer, Professor of Chemistry

Summarz

In our efforts to develop novel lubricants on the basis of
organotin and organosilicon compounds, we investigated biphenylyl-
silicon and biphenyllytin compounds. ' - '
| A total of twenty-two novel compounds were prepared and in
cooperatioﬁ with the Lubrication Branch of NASA's Lewis Research
Center, tﬁe lubrication ?roperties and the thermostability of these.
compounds were evaluated. Most of these compounds showed properties
which could make them potentially useful as lubricants. Their
thermostability, though fairly high in comparison with conventional
lubricants, was not high enough so as to make them useful for
immediate application. The results of this research were published
and a reprint is reproduced as a'part of this final report.

Currently, we are working on the investigation of the anal-
ogously substituted diphenylethers. Thus for, not enough compounds
have been made to permit definitive conclusions to be made. We
are also engaged in a small exploratory program to synthesize
organotin containihg polymers. Again no test results as to their
‘usefulness have been obtained as of this date. This work
is continuing with other support provided by the NASA Lewis Research
Center.
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STERICALLY HINDERED GROUP IVB ORGANOMETALLICS

X*. PREPARATION AND SOME PROPERTIES OF BIPHENYLYLSILICON
AND -TIN COMPOUNDS .

HANS ZIMMER** and MARIA ANGELES BARCELON

Department of Chemistry, University of Cincinrati, Cinginnati, Ohio 45221 (U.5.4)
WILLIAM R. JONES Ir.

NASA, Lewis Reseurch Center, Lubrication Branch, Cleseland, Ohio 44135 (U.S.4.)
(Received March 30th, £973)

SUMMARY

A representative number of meta- and para-trialkylsilicon and trialkyltin
substituted biphenyls have been synthesized and their thermostability determined.
The silicon compounds were found to be more heat resistant than the corresponding
tin compounds. No significant dificrence in the thermostability between the meta-
and para-substituted compounds seems to exist.

Our investigations of the preparation and some of the chemical and physical
properties of sterically hindered Group IVB organometallic compounds have been
extcnded to include the biphenylyl group. One of the goals of the present study was to
synthesize resistant high-temperature organosilicon and organotin compounds, and
test their suitability as lubricants. Besides thermal stability, therefore, these compounds
had to be liquids over an extended temperature range. It was thought that compounds
of the general structure

MRy

would come close to possessing the desired properties. Staab? found the meta-linked
oligophenylenes to exhibit remarkable thermal stability. The investigation of the
meta-biphenylyl derivatives was therefore chosen in preference to the para-biphenylyl
derivatives. A representative number of para-substituted biphenyls were also
synthesized and included in this study. Though a few biphenylyltin and silicon

.* For part IX see rel. 1.
** To whom inquiries should be adressed.
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compounds have been prepared® ~°, no systematic investigation of the biphenylyl
group as substituent in silicon and tin organics has been made.

RESULTS

Synthesis

The compounds used in this study were prepared by allowing the magnesium
or lithium derivative of m- or p-bromobiphenyl to react with the appropriate triorgano-
tin or triorganosilicon chloride. Attempts to substitute the bromobiphenyl with the
corresponding chlorobiphenyl were unsuccessful. The synthesis of the desired com-
pounds posed similar problems as have been reported by earlicr investigators®. For
no apparent reason certain compounds could only be obtained via the corresponding
lithium reagents, while with others, the desired product could be prepared only if the
" appropriate Grignard compound was employed. Generally, once the metal (Li or Mg)
-was chosen, the meia derivatives could be prepared and purified with less difficully
than the para derivatives; this is true for the tin as well as the stlicon series. The work-
up and preparation of pure material was often rather tedious duc to the presence of
by-products, such as biphenyl, various coupling products, and in the case of the tin
organics, the hexaalkylditins. Most of the compounds could be obtained in a pure
state only by repeated vacuum distillation. The fractions were monitored by VPCand
NMR.speetroscopic methods. Only cuts which showed chemical shifts in the aro-
matic as well as alipbatic region were collected and further purified. Attempts to
obtain the desired compounds by treating the /- or p-biphenylyltin trichloride with
the appropriate alkyllithivm compounds were abandoned when it was found that
the preparation and purification of biphenylyltin trichloride according to a
Kocheshkov reaction led to a mixture of tetrabiphenylyltin, mono-, di-, and
trichlorides, which was exceedingly difficult to separate.

- Thermostability

As an indication for the thermal stability of the biphenylyltrialkylsilicon and tin

compounds, their decomposition temperature (T,) was measured’. A common
method of determining the thermal stability of organic compounds i5 by measuring
time rate of vapor pressure rise with increasing temperature. The T, is determined
from a plot of the logarithm of the vapor pressure as a function of the reciprocal of
absolute temperature. The temperature at which the vapor pressure curve deviates
from lincarity is taken as the decomposition temperature. The T, may also be deter-
mined from isothermal rates of pressure rise. Several rates are measured and the
logarithm of rate of pressure rise is plotted as a function of the reciprocal of absolute
temperature. The decomposition temperature is taken to be that temperature at
-which the rate of pressure rise is 50 mm per hour®, This latter procedure was used to
determine Ty, of the compounds prepared in this study (Tablés I and 2).

Inspection of the data reveals that in every case the silicon compounds are
thermally more stable than the corresponding tin compounds. Generally, there is a
difference in Ty's of 40-50° in favor of the silicon compounds. In the tin series, there
seems Lo be no difference in the thermal stability between the meta- and para-biphenylyl
derivatives. A possible explanation of this behavior might be that the thermostability
~ of the compounds is determined by the Sn—C bond strength of the tin-carbon bond



STERICALLY HINDERED GROUP IVB ORGANOMETALLICS. X o

TABLE 1

BIPHENYLYL-SUBSTITUTED TIN COMPOUNDS

Compounds® Method Ty Yield B.p(° Cfrmnr) Analysis®, found

af syn- (%) or mp(°C) (caled ) (%)

thesis c H .
n-BphSnMe, B 230 8/7 105/0.005 56.65° 573
{56.83) (5.73)
p-BphSnMe,* B 40 50 57.02 5.84
‘ . . {5683 . {5.73)
m-BphSnPry : B 236 46 145-55/0.06 62.23 ‘ 7.7
. (6287)  (7.53)
-p-BphSnPr, - B © 240 - 60 - 155-65/0.01 62.66 - 7.25
: S : (6287)  (7.53)
m-BphSnBu, B 236 75 159-62/0.03 64,78 795
~ : (6503)  (8.18)
p-BphSnBu, B 240 46 175-85/0.01 65.29 8.40
' : (©503)  (8.18)
m-BphSn{CH,CMe,), AB 283 M2 88.5-89 : 66.6 © 87
. . (66.81) (8.72)
m-BphSn(n-C4H,3)s AB 236 26 180-95/0.005 68.34 9.24
: (68.31) (9.17)
m-BphSn(n-C,H ;) AB 260 53 214-20/0.02 £9.75 9.35
{69.59) (9.55)
. m-BphS~{CH,CHEtBu), AB 260 30 200-09/0.01 .. 71.3 392
(70.7) . (9.88)
n-BphSn{n-CeH 3); AB 34 238-46/0.03 7071 10.06
: {70.7) {9.88)
p-BphSaPh, B 297 33 120-23 71.37 4.82
o ‘ , (71.6) {.81)
{m-Pr,SnCeH,), B 214 42 130/0.06 55.57 7.94

(5559  (2.77)

“ Bph=C3H;CeH,. * NMR spectra of all compounds were taken to corroborate the elemental analyses.
¢ Previously reported in ref, 5.

between the biphenylyl group and the trialkylti'n moiety, and-differences in the stability
of the resulting biphenylyl radicals are not determining factors. Though only a few
examples are available for comparison in the silicon series, a similar trend seems to
exist here.

The data further reveal that all the biphenylyltrialkyltin compounds with alkyl
groups of little steric requirements (methyl to n-butyl) have practically identical 7y’s.
ftis noteworthy that the trineopentyltin homelog, in agreement with our previous
findings®, is by a considerable margin the most heat resistant among the tin compounds,
The T;, of the mipr'-bis(tri-n-propyltin)biphenyl is rather unexpectedly low.

The Tp’s of the silicon derivatives seem to increase with increasing chain length
of the alkyl group, with the tri-n-octylsilicon derivative being stable to about 350°.

Since the trends in thermostability with both clements were similar, the most
heat-resistant compound of this type should be m- (trineopentylsilyl) biphenyl.
Considerable efforts were made to synthesize this compound. However, probably due
to steric hindrance, we were unable to make the necessary trineopentylchloro- or.
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TABLE 2

BIPHENYLYL-SUBSTITUTED SILICON COMPOUNDS

Compound® Method. T,  Yield B.p(* C/nun) Analysis®, found
. af syn- or m.p.(CC) (caled )( %)
thesis (%)
C H
m-BphSiMe - B 218 76 78-82/0.03 7942 - &1L
_ {79.58) (8.02)
p-BphSiMe # C 3 34 45 . . 79.39 7.85
{79.58) {8.02)
m-BphSiEt, B 296 56 17-25/0.07 8079 893
' : (80.52) {2.01)
" p-BphSiEt,* C 46 125/0.02 80.70 8.7
{80.52) {2.01)
m-BphSiPr, C 276 15 125-31/0.02 81.20 9.77
{81.21) (9.73)
m-BphSiBu, B 295 T8 159-60/0.04 81.58 10.38
(8174} . {10.29)
p-BphSiBu,* C 300 36 162-64/0.01 8091 998
(81.74) {10.29)
m-BphSi{n-CoH ) B 300 31 185-90/0.02 82.20 10.84
(82.49) (1L.07)
m-BphSijn-CgH,;); -~ B s 7l 21 5-20/0.005 23.07 1151

(82.99) (11.61)

4 Bph=C,H,C,H, " NMR spectra of all compounds were taken to corroborate elemental analysis,
¢ Ref 4, “ Rel, 3. ° NMR spectrum showed the right proportion of aliphatic to aromatic protouns, thercfore
the compound was not redistilled for further purification.

-bromosilane. There are several reports in which the failure of the synthesis of R, 5i
compounds with four large and bulky groups was belicved due to steric hindrance
around the silicon atom!'® .

EXPERIMENTAL

Synthesis

The blphenylyl—slllcon and —tin compounds were prepared by the reaction of
either a Grignard reagent derived from biphenyl, or of a lithiobiphenyl compound,
with the trialkylhalo derivative of tin or silicon. No attempt was made to optimize

the yiclds and all boiling points as well as melting points are uncorrected. Micro- .

analyses were performed by Galbraith Laboratories Inc., Knoxville, Tennessee. The

following detailed descriptions should serve as examplcs for the methods used for»__-""'

the preparation of the compounds.

Triheptyltin chloride (Scheme A} To a mixture of.75 ml of dry tetrdhydrofumn

(THF) and 5.86 g (0.24 g-atom) of magnesium turnings was added 10 g (0.08 motle) of

heptyl chloride. The mixture wai stirred and gently warmed until it was cvident that

the reaction had started. More THF was then added and the rest of the heptyl cliloride,
22.07 g (0.16'mole) in 25 m] of THF, was added dropwise. The reaction mixture was
refluxed until most of the magnesium turnings had disappcared. The heating was

10
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then discontinued and a solution of 15.63 g (0.06 mole) of stannic chloride in benzene
was added at room temperature. The reaction mixture was stirred and refluxed

overnight and decomposed by adding a saturated ammonium chloride solution to the .

mixture. The organic layer was separated, washed, and dried over anhydrous mag-
nesium sulfate. The oil oblaincd was dissolved in ether, saturated with anhydrous
gaseous HCl and allowed to stand for two days. Excess acid and solvent were removed
and the remaining mixture was fractionally distilled to give 22.7 g of triheptyltin
chloride (839 yicld). (Found: C, 56.19; H, 10.00. C, H,;ClISn caled.: C, 55.83; H,
10.04 %7,

The prapardtxon of trmeopenryltm chloride® from tetrancopentyltin was ac-
complished by a Kocheshkov reaction in benzene by heating a mixture of 3/1 mole
ratio of the tetraorganotin and stannic chloride at reflux (80°) for 48 h. . ‘

m-Biphenylyltriheptyltin (Scheme B). A Grignard solution was prepared from
0.97 g (0.04 g-atom) of magnesium and 9.32 g (0.04 mole) of m-brorobiphenyl in 150 ml
of THF. To this mixture a solution of 13.55 g (0.03 mole) of triheptyltin chloride in
THF was gradually added and. then refluxed for 1 h. The solvent was changed to
xylene and the mixture was heated at reflux overnight. After the usual work-up, the

resulling heavy Iiquid was fractionated under reduced pressure, to give 9.7 g (53%)

of m-biphenylyltriheptyltin boiling between 214 and 220° at 0.02 mm.
. m-Biphenylyltripropylsilune (Scheme C). A mixture of 1.13 g (0.08 g-atom) of

lithium wire, cut into smali pieces, and 50 ml of anhydrous ether was stirred under
argon and reacted with 18.77 g {0.08 mole) in-bromobiphenyl. After almost ail the
lithium had disappeared, 12.48 g (0.06 molc) of tripropylchlorosilane in ether was
gradually added. The ether solvent was then replaced with benzene and the resulting
mixture refluxed for 12 h,

The reaction mixture was hydrolyzed with dilute sulfuric acid and the organic

" layer was separated and dried over anhydrous magnesium sulfate, Fractional
distallation gave 15 g (75%) of H’-blpheny]tl ipropylsilane distilling. between 123 to
131° at 0.02 mm.

L e

Thermostability

The tensimeter used for determining the 7,’s in this study consists of two units: -

the sample oven with an associated temperalure programmer and the electronics
module containing the recorder. The function of a tensimeter is to heat a liquid sample
and plot either the vapor pressure, or the isothermal rate ofi increase of vapor pressure
(due to thermal decomposition), as a function of temperature.

Procedure. Three to four mls. of test fluid are placed in the sample cell. The
cell is attached to the cell assembly and the fluid is degassed and refluxed under
vacuum. The cell assembly js then placed in the oven. The sample is heated to an
initial temperature about 50° below the suspected decomposition temperature. After

a S-minutc stabilization period, the increase in vapor pressure, if any, is recorded as

a vertical bar during a fixed time interval. Then the programmer raises the sample
temperature by a presct amount, usually 57, and the previous process is repeated. The

. plot one obtains essentially is a plot of the logarithm of the isothermal rate of vapor .

- pressure increase as a function of reciprocal absolute temperature. A straight line is
drawn connccting the tops of the recorded bars at the higher temperatures. The
" intersection with the temperature reference axis is the thermal decomposition

11
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temperature, Tp. This temperature axis corresponds to a pressure rise of 50 mm per
hour, which is the definition of the T;,. Generally, it is possible to dupicate the T)'s
within -+5° for pure compounds.
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TASK III

DEPARTURE FROM PHASE EQUILIBRIUM DURING BOILING

Principal investigator: Joel Weisman, Professor of Nuclear Engineering

Summary

Under‘this project, the initiation of boiling on metal surfaces
during pressure transients was investigated. The data were obtained
by a new technique in which light beam fluctuations and a pressure
signal were simultaneously recorded on a dual beam ocilloscope. The
technique was shown to provide essentially the same results as obtalned
by high speed photography.

| The investigatidn was primarily conducted with partially degassed

water. Under these conditions, it was found that, for water between
90-150°C, the wall superheat required to initiate boiling during a
rapid pressure transient was significantly higher than required when
the pressure was slowly reduced. The result is explained by assuming
a finite time is necessary for vapor to fill the cavity in which the
bubble originates. Approximate calculations of this time delay are in
rough agreement with the experimental observations. o '

During the last month of this project, considerable effort was
devoted to analysis of the data and its presentation in a usable form.
The information has been incorporated into a paper entitled "The Initia-
tion of Boiling During Pressure Transients" which was presented at the
ASME Meeting in Detroit (November, 1973). A copy of this paper is
attached. A condensed version of this paper has been accepted for
publication in the ASME Journal of Heat Transfer.

Efforts were made- to extend the experimental technique developed
for study of water boiling to the study of the boiling of Freon 113.
Unfortunately, these efforts were largely unsuccessful. Boiling
tended to start at the ends of the ribbon rather than at the area
viewed by the light beam. No fully satisfactory experimental prbcedure

was devised for use with Freon 113.

13



The Initiation of Boiling During Pressure

Transients

J. WEISMAN G. BUSSELL

ABSTRACT

The initiation of boiling of water on metal sur-
faces during pressure transients has been investigated.
The data were obtained by a new technique in which
light beam fluctuations and a pressure slgnal were
simultaneously recorded on a dual beam oscillescope.
The results ohtained agreed with those obtained using
high speed photography. '

It was fecund that, for water temperatures between
90-150°C, the wall superheat tequired to initiate
beiling during a rapid pressure transient was signifi-
cantly higher than required when the pressure was
slowly reduced. This result is explained by assuming
that a finite time is necessary for vapor to fill the
cavity at which the bubtle originates. Experimental
measurements of this time are in reasonably good a-
greement with calculations based on the proposed
theory. The theory includes a new procedure for esti-
mating tH& coefficient of vaporization.

NOMENCLATURE

interfacial area, em?

area available for diffusiop,_mz

parameter of Weibull distribution

coefficient of vaporization

probability distribution function

free energy, dyne cm

enthalpy change on evaporator, cal/gm

mechanical equivalent of heat

constant

parameter

molecular

number of

number of
(em?)~!

number of gm-moles

probability

pressure, mm Hg.

radius of cavity, cm

gas constant, dyne cm/°K g mol

area of heated surface, cm?

time, sec

boiling delay time, sec

temperature, °¥ :

volume of cavity

diffusion rate, gm/sec

stochastic variable

thickness of superheated liquid layer, cm

parameter of Weibull distribution
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L liquid
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v vapor
w wall
INTRODUCTTON

An absolutely pure liguid in a ecoatainer which
provlides no surface cavitiés can sustain an appreci-
able tensien (1).When the liquid is subjected te a
transicnt pressure which falls kelow its saturaricen
pressure, boiling will be delayed providing the limit-
ing tension is not exceeded. The probability of a
critical bubble nucleus originating within the liquid
is low and may be computcd by an expressien due to
Volmer {2} This phenomenon is the basis for the oper-
ation of the "bubble chamber".

The limiting tension for water, which has been
determined by Briggs{l), is far in excess of that at
which boiling normaliy begins. Any nucleation within
the bulk of the liquid under such ceonditions is as-
sumed to occur due to the presence of small suspended
particles or gas bubbles. By use of this assumption,
depressurigation transients have been modeled by
Hunt (3)and Edwards(4)zmong others. To fit available
blowdown data, FEdwards found it necessary to assume
that there was a delay between saturation and the time
a bubble first appeared. This would appear to be in
agreement with Hooper and Abdelmessah's (3)experimental
observation of 4 to 8 millisecond delays before the
appearance of the first bubble in the liquid during a
rapid depressurization.

In most situations, boiling originates on the con-
tainer walls. It is generally assumed, following a
suggestion of Harvey( ), that undissclved gas bubbles
entrapped in reentrant cavitices on the contdiner sur-
face provide the necessary nucleation sites. The
available work on surface nucleatien is well summar-
ized by Fauske(7).

‘Boiling transients in which boiling originated on
the contalner wall have been studied by several inves-
tigators. - Johnsea et al (8)examined boiling on the sur-
face of metal ribbons subjected to an exponentially in-
creasing heat flux. They found that the first vap»r
bubbles appeared at a supetrheat which was considerably
in excess of that required at steady state conditions.
They indicated that the time at which the first bubble
appeared could be roughly correlated {(within 40X) with
the time required to heat a thin layer of liquid
(thickness of the radius of a bubble which will remain



on the surface in unstable equilibrium} adjacent to
the ribbon.

In a depressurization transient, a delay which was
due to the time necessary to heat liquid adjacent to
the boiling surface would not he cbserved. Madhaven
and Mesler (9), who studied boiling on the surface of
a 10 cm diameter aluminum plate during very rapid de-
Pressurization (by diaphragm rupture) saw no delay.
They found a few bubbles appeared immediately {(within
20 4 sec). 1In contrast to this work, the examination
of small metal areas during rapid depressurization by
Kenning and Thirunavukkarusu (10) indicated vexy
sparse nucleation. Their examination of the number of
mycleation sites on small metal plates led to non-—
reproducible results. To cbtain a large number of
sites and reproducible results they had to use special-
ly prepared teflon coated surfaces.

The studies of Kenning and Thirunavukkarusu may
be an indication of a stochastically varying delay in
bubble nucleation on metal surfaces. This would ap-
pear to be contradicted by the results of Madhaven and
Mesler. However, we knmow from bubble chamber experi-
ence that very substantial delays in surface boiling
can be obtained. 1In view of thése apparent inconsist-—
encies, further investigation of boiling delays during
depressurization was deemed appropriate.

EXPERIMENTAL APFROACH

Studies of bubble initiatien and growth are gener—
ally carried out by use of high speed photography.
Since such experimenta are cumbersome, an alternative
procedure has been aevised. The approach used is
based on a schume originally devised by Ram (11) for
stochastic analysis of nucleate boiling. Ram observed
that the appearance of bubbles on thé surface of a
filament caused intensity fluctuations in a light beam
passing over the surface. In this investigation, the
first appearance of these fluctuations was used to im-
dicate the initiation of boiling.

The apparatus developed for these tests is shown
in Fig. 1. The degassed water under study is contain-
ed in a 3 in. x 1-1/2 in. glass cross. Glass plates
covering the ends of the 1-1/2 in. arms of the cross
allow a light beam to traverse the cross. Stainless
steel flanges are affixed to the ends of the 3 in.
arms. Piping from one of these flanges comnects the
system fluid to a mercury seal. FPressure transients
are produced by rapid acting solenoid valves which
conuect the pas above the mercury seal to a gas supply
or a low pressure chamber. The rate at which the pres-
sure falls is controlled by needle valve placed in the
tine-leading to the low pressure chamber.

Immersion heaters, which were ipnserted through
the stainless steel flanges, allowed the system fluid
to be heated to the desired temperature. To minimize
the nucleation occurring on the heater suvfaces, the
fluid was heated te a level above that desired. The
heaters were then turned off and the system allowed to
cool to the desired temperature. L

The boiling surface studied was a 3/16 in. x
10-1/2 in. long nichrome ribbon, placed along the hor-—
fzontal axis of the cross. The ribbon had a surface
finish with a roughness of ~70 microinches. The col-
1imated 1light beam was focused along a 1 in. section
of the ribbon and alligned with the slot of a photo-
pultiplier tube. Connection to a battery with variable
taps allowed the ribbon to be heated at several rates.

The system pressure was measured by a Statham thin
film strain gape pressure transducer {model PA B26-100).
After appropriate amplification, the pressure signal
was fed to one of the inputs to a dual beam oscillo—
gcope. The output of the photomultiplier tube was fed

i5

to the second lpput of this same oscilloscope. The
data for each run were obtained by a recording camera
mounted on the oscilloscope.
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A typical set of oscillescope traces is shown In
fig. 2. The onset of light beam fluctuations, indi-
cating the onset of boiling, is readily correlated
with the pressure signal. The upper and lower limits
of the pressure signal correspond to the system pres-—
sures existing when the pressure above the mercury
seal equals the high and low pressure sources, re-
spectively. The known scope sweep time sets the time
interval per abscissa division.

EXPERIMENTAL RESULTS

The first series of tests were carried out with
the nichrome ribbom unheated. The experiments were
initiated at ~35 psia and the pressure reduced at
rates ranging from &5 psifsec to 4 psi/sec. These
pressure reduction rates are to be regarded as ap-
proximate average rates since, as can he seen from
Fig. 2, the pressure fall rate at the beginning of
the transient was considerably higher than that at-
tained at the end of the transient. Data taken in-
itially were found to vary with operating time. After
approximately 5 hours of operation, a stable surface
appears to have been obtained since no further oper-
ating time effects were observed. :

The data obtained in these first series of tests,
after stable operation was attained, are illustrated
in Fig. 3. All points shown are the averages of 3 to
5 ohservations. The results are expresseld in terms
of theywall superheat observed at the onsct of beil-~

_ing. Since the ribbon was not cooled until boiling
began, its temperature was that of the water. The
wall superheat is then the difference between the in-
itial water temperatute and the temperature correspond-
ing to the saturation pressure at which boiling began.
It is seen from Fig. 3 that the superheat required to
initiate boiling increases as the rate of pressure re—
duction increases, This is not what one would expect
1f there were no delay in bubble formation.
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The superheats obtained at the lower pressure re-
duction rates approach 4 single curve. This is to be
expected since the superheats observed at the lowest
pressure reduction rates can differ orly slightly
from the steady state values. Hsu (12) has shown
that, at steady state conditioms, the superheat for
initiation of boiling may be computed from

8 o' Toat K.

T~ Taar " TH, o, 6 @
. fg v
where K = 1.6 and § is the thickness of the super-
heated liquid layer. The superheats obtained at the
4 psi/sec pressure reductiom rate are well correlated
by Equation (1) with § = 4.9 x 10-% in. This same
value of & correlates the data Yaglov et al (13) ob-
tained for the initiation of boiling on a stainless
steel surface at temperatures below 80°C. The super-
heats at the lowest pressure Teduction rate were
therefore taken as a close approximation of the
steady state values. .

A second series of tests were performed in which
the nichrome ribbon was heated electrically to pro-—
vide a surface heat flux of 11,000 Bru/hr.ft?. To
use this data, it is necessary to determine the nich-
rome ribbon temperature as a function of heat flux and
water temperature. This was accomplished by very
slowly reducing the system pressure until bolling was
observed. The inception of boiling was assumed to oce
cur at the stcady state superheat determined in the
previous tests. The heated ribbon Cemperatuyres are
then the observed saturation temperalure plus the
steady state superheat.
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Comparison of the wall superheats obtained for
several pressure reduction rates with the unheated
ribbon showed no consistent pattern. At approximately
the same pressure reduction rates, higher wail super-
heats were observed in the electrically heated tests.




A pattern is observed if the time from transient in-
ltiatien to boiling is examined. It may be expectead,
and confirmed by Fig. 4, that appreciably longer times
are required for the lower pressure fall rates. Most
of this increase is due to the time required for the
pressure to reach the level at which boiling would be-
g2in under stealdy state conditiens. However, when we
subtract Lhis time from the time at which boiling is
actually observed, we find (see Fig. 5) that there is
an increasing delay in initiation of beiling as the
pressure fall rate decreases, The delay time shown in
Fig. 5 is the difference between the time light beam
fluctuations were observed and the time the pressurc
reached the level at which stcady state boiling was
expected. The observed delay times ranged from a high
of 1.6 seconds to a low of 65 miliseconds. WNote that
the runs at the highest and lowest pressure f£all rates
shown in Fips. 4 & 5 used a heated ribbon while the
run at the intermediate rate used an unheated ribbomn.
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YALIDITY OF EXPERIMENTAL APPROACH

$ince the experimental method used here does not
gepend on direct visual observaticn of the boiling pro-
cess, 1t was necessary to establish that visual obser-
vation would yield the same result, To do so, the ex- -

" periment at the pressure fall rate of 100 psi/sec and
ribbon temperature of 126°C was repeated while cobserv-
ing the results with high speed photography.

Films of the process were obtained wsing a Fastex
motion plcture camera operating at 1500 frames/sec. An
jnitiation signal allowed synchronization of the photo-
graphs with the oscilloscope pressure signal trace.
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Analysis of the photographs indicated that beiling be-
gan 0.26 seconds after initiacion of the transient.
This corresponds to 0,185 scconds delay after the
steady state superheat was attained., These times com-
pare to an average of 0.25 seconds to boiling and 0.17
seconds delay obtained by the light beam tcchnique.

The light beam technique would thus appear satisfactory
for the range of delay times investigated here.

The films of the boiling process indicated that,
once a bubble appeared, apptoximately 4 msec was re-
quired for its growth. The light beam signal obtained
from a single bubble at its maximum size was approxi~
mately 3-4 times the minimum amplitude which could be
detected, Thus the reported delay times for the 100
psifsec run will be approximately 1-1.5 msec longer
than the true delay time. This is not of significance
for any bub the shortest delay time obtained. MNowever,
some revision of this technique would be required if
substantially shorter delay times were to be observed.

Since the temperature of the electrically heated
ribbon was inferred from the cenditiens at which steady
state boiling occurred, some error may have been intro-
duced here. The assumption that the superheat required
to initiate boiling is independent of the initial sys-
tem pressure is not entirely correct (14). This can
introduce an error of a few °C into the estimate aof
the wire temperature, However, the pressure at which
steady state boiling began was observed experimentally.
Since this pressure was that used as the basis for ob-
taining delay times, this procedure would not affect
the cowputed delay times.

The accuracy of the transient pressure measure-~
ments must also be considered. A Statham Model PA
82(:3100 thin film strain gage transducer designed for
high. frequency response,was used. This pressure
transducer has a limited temperature range and thus it
was necessary to locate it in a cool tegion. The trans-

ducer was therefore connected to the piping rather than

directly to the steel flange., Hence, it may be postu—
lated that the difference in pressure between the trans-
ducer and the nichrome ribbeonr varied during the trans-
fent, Such a situation could arrise if a gas pocket
were present in the pglass cross. Care was taken to

see that such a pocket did not exist., A capillary
tubing line was used to vent such pockets after £illing
and degassing and no free surface was present in the
glass cross during the experiments.

The presence of a bubble on the face of the trans-
ducer would have affected the pressure reading. A hy-
podermic needle was used to £ill the transducer cavity
and the tranducer was connected to a completely filled
line thus eliminating any possibility of a bubble.

The system configuration was such that no vapor bubble
generated during the experiment could enter the line
to the transducer.

It way be postulated that, if beiling occurred in
the liquid between the nichrom wire and pressure trans—
ducer, an additional pressure gradient could have been
intreduced, While such boiling did ocecur in the exper—
iments with the unheated nichrome ribbon, this was not
the case when the nichrome ribbon was heated. In these
runs, boiling was first observed on the ribbon. Hence,
no additional pressure gradient can be postulated for
these runs which provide the majority of the delay time
data. :
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While the above would appear to eliminate the On the basis of the foregoing observations it
major arguments which might suggest that the inferred was concluded that the delay times observed were valid.

~

surface temperatures or pressures are in error, they An explanatlion of the observed delays was therefore

do not furnish conclusive proof. It could be argued sought. - )
that another, but unknown, error led teo an Incorrect It should be recognized that the relatively long
temperature or pressure inference. The only conclu- delay times observed are due to the speclal experimen-
sive proof of the existence of a time delay is the tal conditions, It has previously been noted that
measurcment of such a time delay under conditions the rate of pressure full at the end of the transient
esgsentially independent of temperature and pressure was substantially below the average pressure fall rate,
inferences, Experiments in which the system pressure Thus, while the delay times at the lowest pressure
dropped to its lowest value at some time prior to the fall rate were appreciable, the surface was maintain-
onset of boiling provide: this proof. Fig. 6 repro- ad at a superheat which was at most only a few degrees
duces the oscilioscope traces obtained in such a run. above the steady state value, In most transients of
It is seen that the pressure reached its [Inal level practical interest, pressure fall rates will be sub-
approximately 0,28 seconds before the light beam stantially higher than used in these tests. Substan—
trace shows any indication of bolling. We must there~ tlally shortened beiling delay times are therefore to.
fore conclude that the boiling delay was at least be expected.

0.28 seconds, Several such runs were obtained, This ]

delay is not dependent on a knowledge of the exact ANALYSIS OF NUCLEUS GROWTH IN SURFACE CAVITY

lewel of temperature or pressure. The results of

these runs were in agreement with the remainder of As previously observed, it is generally accepted
the data. . that nucleation begins at a small vapor bubble at the

lower end of a surface cavity. As the system pressure
is reduced, the vapor bubble begins to grow. When the
bubble has filled the entire cavity, it is chservable
on the surface. Any delay in the appearance of a
bubble on the surface must therefore be attributed to
the time required for the vapor bubblie to grow and

s fill the entire cavity,

The postulated bubble behavior is consistent with
the pressure—tenperature history wedel proposed. by
Fabic (15) and lelgz (16}, When boiling occurs from a
reentrant surface cavity, the incipient superheat can
be obtained from :

L 20 . .
p,~ P =2 . @

Since the incipient superheat for the system investi-

Pressure gated was only about 3°C at atmospheric pressure,
Signal ' T ot fP§ = PL)'is approximateky 1.9-psi,--1f a higher pres— Cm——
\\\\ sure P! is now applied to the system, the cavity will. .
+ l be flooded if E .
¥F
g 2['." ! -
r

¥ / . B >R 4R, &)

For degassed water at 100°C, P_ will be gquite low and
the right hand side of Equatinﬁ (3) will equal about
3 16.6 psi. Hence, application of a system pressure of
7 60 psia, as done in the present experiments, will
w_ﬂ-_“\qz_\ﬂﬁ\ Light cause reflooding of the cavity.

~ . The difficulty of completely degassing water is
Signal well known and hence some air will be preseat in the '
vapor originally in the cavity. Application of the 60
35 3025 20 15 10565 O psi system pressure will lead to condensatiom of near- - . v
) 1y all the vapor but retention of the air im a small
Time (Sec) Co gas bubble at the base of the cavity, Diffusion of
air from this bubble into the liquid will gradually
oceur, However, over the short periods during which
the high system pressure is maintained, the amount of
diffusion is low. The small gas bubble is then avail-
able to serve as a nucleus for vapor growth on the next
pressure reductilon. -

LB

Fig. 6 Oscilloscope Trace Clearly Showing LDelay
Time.
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Inertia, heat transfer and mass transfer rates
determine bubble growth. However, since the bubble
fucleus is surrounded by high conductivity metal,
heat transfer rates should be high. Further, since
the rate of nucleus growth is low, inertia effects
shoyld not be limiting. It will thercfore he assumed
that rate of bubble growth is determined by the rate
of mase transfer across the vaper-liquid interface.
A= the pressure drops, the gas in the bubble expands,
the water vapor pressure drops below the equilibrium
valye and diffusion occurs. FKnudson's diffusion

equation gives, du- , the rate at which vapor mole
ecules impinge on the interface surface, as

P A :
d- M Y o583 P A [ %)
t 2T R FF— v TV
%

and the rate. at which liquid molecules impinge on the
- gud
interface, T

awF _ o ' M
qc = 0.0583 P A T (5)

However, not all molecules Impinging on the surface
actually penetrate the interface. Introduction of a
coefficient of vaporization (14}, or condemsation, C,
tepresenting the probability that a molecule will
"penetrate the interface and not be reflected gives us
the net rate of transfer as

v _ rﬁ )
gt = 0-0583 Ga |7 (P = Py) {6)

if TL = Tv =T,

Tf we take the number of moles of air in the
cavity as Ng , the moles of water as N, , and the
total pressure in the cavity as Py , then

Ny N
Pv_(Ng-l-Nv)PT 2
‘and we may write
de Nv
— T -— —— .
i R TR N, + N, P ) &)

where k' = 0.0583 CA/ [ W/T
in general, Pr will be a coimplex function of t and
the time required to fill the entire cavity must be
obtained by a numerical integration of Equation (8).
However, for the special case of a step change in Pp ,
with fluid temperature and A held constant, we have
1 Na
L= YFZ:FET ln(NaPL + (PL—Pf)Nv)

+

1
(PL_Pf)? Hr, (PL_Pf)NV
. i
NP, In(N P + (PL—Pf)Nv)Jt} &)

NV
[+]

where P, is the final pressure in the cavity and Ny, = )

Pf v
(g7 )
Numerical evaluation of Equation (8) requires an
estimate of: the ratic of A to cavity volume, the

lg

fraction of inert gas present before pressurizationm,
and the vaporization {condensation) coefficient. This
latter quantity can be determined by an extension of
the theory used for estimating the probability of thin
film rupture providing the effect of steric hinderance
is negligible.

The fluctuation in the thickness of liquid surface

films may be caused by mechanical or thermal varlations.

If the free edergy of the film in the normal state 1s
Go,and 1f G| is the frec energy of the surface after
some fluctuation, then the probability, p1l, of such a
fluctuation is given by Scheludko (17) as

Pl = Kl exp H g k; ¢ ] (10)

Jashnani (18) used this expression to determine the
rupture probability of thin filws.

The same reasoning may be applied te rupture of
surfaces. However, the free—energy change invalved
is due to the change in surface area, 4a, rather than -
thickness. Hence

Gl(t) - Go(t) = —AG = dgba {11)
Equation (10) then becomes
’ _o'ha
~ kT
Cla)da = (K,) e da (12)

The variation in surface tension due to dynamic con-—
ditions is unknown and is therefore neglected.

To determine the value of Kz , we normallze the
frequency functlon and obtain

_ o'Aa
e kT
F = _ a'ha (13
e KT ara

Since all fluctuations having changes in free energy
which correspond to area chanpes greater than Aa will
result in rupture, then

_ o6'ba _ o'Aa
Aafm e kT dha = e kT
C= o ha (14}
e 9T 4pa

For water, the bond length between 0 and H atoms
is 0.958 °A and the anpgle between bonds 104.45°.
Hence, the total Iength of the wolecule is Jess than
2°4, If the gas molecule is assumed to depress 2-3
molecules near the center of the depression area where
it strikes, then it is reasonable to assume the shape
shown in Fig. 6 for the surface before condensation.
The actual change in surface will be smooth and the
figure shows sharp corners ﬁergly to facilitate cdl=-
culations. The gas molecules are assumed to approach
normal toe the surface. Gas molecules with a small
kinetic energy will bounce back. An energetic molecule
will depress the surface and create a hele at the cen-
ter of the depression., The gas molecule then becomes
part of the liguid and the surface moves to its orig-
inal shape which is stable.

The change in area will be the difference between
the area shown in Fig. 7 and the original area. We ob-
tain

Aa = 7(29.5 - 16) = 13.57 = 42,3 A°Z C(1S)



asmyming the above area 13 the statistical average
areg for a gas melecule striking at any angle. This
lends te

86 = 42.3 x 1078 o (16)
For water temperatures around 100°C, we wubtain C ~.0l.
The work of Johnstone and Smith {19) indicates that,
for water at exposure times in excess of 100 msec,
Cn ,02. This Is considered quite good agrecment
with the present estimate since an error of only 15%
in the value of - (4a) would account for the difference
in values of C.
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Fig. 7 Surface Area Depression Caused by Molecule
Striking Interface

COMPARISON OF THEQRY AND RESULTS

If the Equation (14) is used for evaluation of C,
it is now possible to compute rhe rate of bubble
growth for any given pressure transient by use of
Equation (8) in finite difference form. It was arbi-
trarily assumed that before the overpressure was ap-
plied the air partial pressute in the cavity was .02
atm*. The total pressure inside the bubble was as-—
sumed to vary between the system pressure less a small
differential at the beginning of the transient and the
system pressure plus an increment, equivalent to the
equilibrium superheat, at the end of the transient.

A search was then made for a volume to surface area
ratio (V/A) for the cavity which would allow predie-
tion of the experimental results. The solid lines of
Figs. 4 and 5 show the results of these calculations
using V/A = .003 cm. (This corresponds to a cylin—
drical cavity .003 cm in depth.) It is secen that
reasonable agreement is obtained with the theory cor-
‘rectly predicting all the observed trends. )

It will be observed that the theory tends to
underpredict the delay times of the 10 psi/sec and
65 psifsec while correctly predicting the delay times
for the 100 psi/sec data. This is understandable
since the 100 psi/sec data were obtained at an aver—
age superheat of about 15°C while the 10 psi/sec data
were obtained at a superheat of about 10°C and the 65
pei/sec data at 7 °C. superheat. The higher super-
heat for the 100 psi/sec data may be expected to acti-
vate more nucleation sites and thus lower the observed
delay time. Effectively, a lower value of V/A should
probably be used for the higher superheats.

The experiments of Kenning and Thirunavukkarasu
{10) are the closest to these conducted here. If the
present theory is used to estimate the bubble delay

*Yalues of .0l to .05 atm. worked equally well pro-
vided V/A was appropriately adjusted.
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time in their experiment (after appropriately allow-
ing for the effect of increasing superheat on the ef-
fective V/A} delay times of the order of 7-11 msec
ate obtained. A stochastically varying delay time of
this order of magnitude would explain their observa-
tions.

The prassure-time history approach also offers a
possible explanation for the results of Madhaven and
Mesler (9). In these experiments, water was degassed
by boiling at cae atmosphere. After allowing the
water to cool, the pressure was suddenly reduced. Cav-
ities which were too small to serve as nuclei during
the boiling at one atmosphere would remain full of
air. If the pressure transient preduced a superheat
sufficient to activate these small cavities, some
bubbles would be cbserved on the surface almost im—
mediately. In both the present experiments and those
of Kenning and Thirunavukkarasu (1Q) the high over-
pressure which was initially applied may be expacted
to cause flooding of the available nucleation sites,
Delays in the initiation of beiling may therefore be
expected.

STOCHASTIC NATURE OF BOILING TNETIATION

The stochastic nature of .the boiling process has
been acknowledged by numerous investigators. Boiling
initiation may therefore be expected to be a stoch-
astlc phenomenon. The high speed photographs taken
of the process indicate this to be the case. The ap-
pearance of the first bubble does not always occur at
the same site and there is appreciable variability in
the delay time at any piven zite. These observations
agree with those of Kenning and Thirunavukkarasu (10}.
As may be seen from Figs. 4 amd 5, the variability in
bubble behavior is reflected in the delay times
measured for the assemblage of sites observed in these
experiments. The vertical lines through each of the
data points represent the total range of observations
for a particular set of conditions. In most cases,
the variation observed is far beyond the ascribable
Lo measurement EBrrors.

Computation of the variance in boiling delay time
for those conditions where 9-12 replicatlons were ~
undertaken indicates that o/p is in the range of 0.24-
0.32. Similar results are obtained by considering the
data at the 100 psi/sec pressure reduction rate as one
group and the data at 10 psi/sec in another group.
When all the data taken with the heated ribbon are
pooled, the sample ¢/¢ is computed as 0.282 giving
0.285 as an unbiased estimate of o/p.

The Weibull distribution (20) has been found use-
ful in correlating a variety of physical phenomena.
The Weibull distribution function has the form

"F=1- exp [~(z-b)"/8] an

where b, m, and 8 are parameters to be determined. Tf
we let z = t'/t'avg , and utilize the work of Dubey(21)
to set b, m and 6 so that o for the distribution is
that of the observed data, u = 1, and the probability
of a delay time less than zero is zero, we obtain

3.95

F = leexp f—(t'/t'avg)

/1.48)] (18)
Compatrison of this function with the observed data
distribution in Fig. & shows good agreement. The
quantity F is the probability that the delay time Is
legs than t'.
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The delay times which were observed in these
ests correspond to the behavior of an assemblage of
ctive sitea. Tt would he desirahble to obtain the be-
avior of & single site. The properties of the Wei-
ull distribution make it particularly useful for this
urpose. If the delay time distribution function for
single site is given by

here "I'" corresponds to the probability that the de-
ay time at a single site will be less than z. If n
ites are simultaneously observed, the probability F

f a delay time less than z is given by [1 - (1-F)"].
ence, F, is given by

=1 - exp[-n zm/Gl] (20}

he distribution F corresponds to the distribution of
elay terms obtained by observing n.sites on the nich-

ome ribbon and therefore n/8) = Photographs
f the area of the ribbon observeé ;ndicate n 10
ence
1
F'= 1 - el ~C o> P 1408] (21)
Tavg ’

rom the work of Dubey (21) we can show that the mean
f this distribution, and hence the average delay

ime for a single site, would then be al/Meetfet - )=
L79(t' /e’ avgl- The standard deviation of this >'%
1stribution is simply n*/™ times the standard de-
iation of the original o obtained from Eq. (18}.

) It is clear that the larger the area observed,

he lower the mean delay time. If the number of

ctive sites per unit area is n'" and the aresa observed
s §, then Equation (20) becomes

on metal surfaces.

P I-exp[2"/0,) T a9y

- ™ ) 3.95
=1 - exp(- n" S{t'/t avg)
Since increasing superheat increases n', the effect of
increased wall superheat is to decrease the observed
delay time. If the dependence of number of nucleation
sites on wall superheat were known, values of F could
be estimated if all the smaller size sites have abuut
the same average V/A. The total number of active sites

at t', which is gimen by n"F', could then be estimated.

CONCLUSION

A new technique for the study of boiling initi-
ation has been developed. The new method apain demon-
strates that, under apprupriate conditions, appreciable
delays can be encountered in the initiation of boiling
These delays can be explained in
terms of the time vequivred to fill the nucleation cav-
ity with vapor. The cobserved delays are found to vary
stochastically and should therefore be described in-
terms of a probability distributien function. .
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TASK IV

EFFECTS ON NEUTRON IRRADIATION ON THE DEFECT STATE IN TUNGSTEN

Principal Investigator: John Moteff, Professor of Materials
Science Engineering :

Introduction

The purpose of the proposed research was to:

a) Review, collect and evaluate all available published data on

the effects on neutron irradiation on the mechanical and physical =

properties of tungsten and tungsten-base alloys.

b) Conduct experimental investigations to determine the defect
recovery behavior in neutron irradiated tungsten and one
tungsten rhenium alloy, both irradiated simultaneously to a
fast neutron fluence of 1 x 1022 neutrons cm~2, Ep > 1 MeV at
six temperatures lying in the range of 425 - 1000°C.

Reviews of the literature have been initiated consistent with
part {(a) of the proposed program. The completé review‘will be
presented in the Masters Thesis of oﬁe of the investigators
(J. Matolich). It should be pointed out however, that information
on the effects of radiation on tungsteh and tungsten-base alloys
is guite limited and this circumstance is obvious in view of the-
~lack of literature published on these materials. Most of the
effort in the past has been pérformed and reported'priqf to 1970
with the bulk of the data still in AEC and/or NASA limited
distribution reporfs.

Work has been completed on the subprograms:

(i) isochronal resistivity recovery studies and

~{(ii) 1isochronal hardness recovery measurements
with some preliminary work completed on Transmission Electronf’

Microscopy.
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. Most of the studies on this program has been confined to
the measurement of room temperature hardness and resistivity
properties following high temperature anneals and it is
this phase of the program that is reported herein. The data

will be reported according to material category.

Tungsten

The highest melting point BCC metal is tungsten and studies
on this material should be useful in the interpretatiomn of the
radiation induced property changes in.metals such as Mo, Cr,
Nb, Ta, V and a-Fe.

Hardness Measurements - Tungsten specimens approximately 1 mm

in diameter were annealed at 1750°C for ome hour in a vacuum
before being 1rrad1ated in EBR-II. Irradlatlon temperatures
were 430, 550, 700, 800, 900 and 1000°C. The specimens were
irradiated in Row 7 of the EBR-II to a fast neutron fluence
to approximately 1 X 1022 n cm-z, (E, > 1 MeV}.

Following fhe irradiation, one specimen rod was selected
from.each of the six irradiation temperatures. The specimens
were placed in a cutting rig and approximately 20 slices (& 20
_ mil thick) were cut from each of the rods for use in both the
hardness and the transmission electron microscopy studies. The
samples were properly accounted for and separated into small

furnace annealing rigs carefully wrapped in tantalum foil Sets

of these specimen were subsequently annealed for one hour in a
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'vacupm of less than 5 Xx 10-6 torr, at thirteemn separate tempér-
atures ranging from 430° to 1940°C. Including the control' sam-
ples, the number of small discs to be used in the studies on
tungsten hardness studies were approximately 100 pieces. About
25 pieces were used in the TEM work.

Following the anneal treatment, the specimens were then
mounted in bakelite molds and ground initially with silica car-
bide (600 paper). Polishing was performed in two steps, with
a final O.S micron alumina particle polishing time of approxi-
mately 10 minutes, Knoop hardness measurements were then per-
formed on the surface of the specimen, Approximately 5 to 10
indents were made on each. The preliminary hardness data is
presented in Figure 1.

Resistivity - Detailed resistivity measurements have been com-

:pieted for specimens irradiated -at the six different tempera-

tures and the data will be presented in the Figures 2ZA and B.
This portibn of the experimental program took 1oﬁger to

perfqrm than initially planned. Since it was decided that much

smaller temperature intervals should be made in order to ob-

tain a better resistivity.

| Approximatley 440 separate resistivity measurements had to

be made oﬁ the irradiated plus control specimens for the 27

Separate temperature anneals for Both the W and W-25Re specimens.

Approximately four days were required to anneal and perform the
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resistivity measurements for each anneal temperature. This a-
mount of effort was considered necessary in view of the impor-

tance of the type of information which was being obtained.

Tungsten-25 Percent Rhenium

The W-25Re is a solid solution alloy and the large amount
of the Re present in the alloy is shown to significantly affect
the nature of the radiation induced defect configurations,

Hardness Measurements - The room temperature hardness measure-

ments were performed in a manner similar to' the case of tuﬁg—
sten, Figure 3 shows a plot of the room temperatﬁre hardness
as a function of irradiation temperature for different anneal
temperatures, This'work clearly shows that a temperature of
apﬁroximately 1700°C is required to anneal out all the defects.

Resistivity - The resistivity recovery behavior of the W-25Re

is very-different than that obtained from themcase of tungstén.
As shown in Figure 4, the resistivity for the three lower tem-
peratures has increaged over and above the control specimens as
a resuit of the irradiations. This trend was expected, On the
other hand,'the specimens irradiated at the three higher temper-
- atures suggests a negative resistivity compared to the control
specimens. .This circumstance is due to the fact that a radia-
tion induced precipitate of a rhenilum rich second phase (a-
manganese phase) reduced the rhenium concentration in solution.

. The decrease in reéistivity due to the depletion of rhenium



in solution obviously is greater than the increase in resistiv-
itj due. to the formation of point defects and dgfect clusters,
thereby resulting in a net negative resistivity relative to the

control.

Summary

The two most important features of the recovery studies
i,e., resistivity and hardness has been completed for the two
alloys irradiated at the six different temperatures. S3ince
the contract supﬁort is nearing termination, the final data
analysis of this work will be documented in the Masters Thesis
of one of thé investigators. Since this thesis will be forth-
coming (by the end of the calendar year) it will be assumed |
that the detailed description of the work performed, data
generated and final analysis of the data will meet, in a large
part, the committment made "in "this ‘contract.- In-addition,; it
is anticipated that approximately two papers will be published
on the final resultg of this work. The support of this NASA
contract for the work performed will be_aéknowledged in the
publications,

It should also be pointed out that the data presented in
this progfegs report represents preliminary information and
that final corrections, data reduction and subsequent analysis

may change the exact effective temperatures slightly.
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TASK V

DETERMINATION OF PHOTON RESPONSE FUNCTION
OF NE-213 LIQUID SCINTILLATION DETECTORS

Principal Investigator - A. Shapiro, Associate Professor of
Nuclear Engineering

I. Introduction

The objective of this work was to establish the gamma response
function of a 2 inch by 2 inch NE-213 detector from incident
bremsstrahlung radiation of varying maximum energies. At this time,
much of the data has been accumulated, but the analysis of the data
has not yet been completed. Progress has been slowed by the fact
that two consecutive students assigned to the project left school
suddenly to accept job offers, plus the usual type of delays
associated with equipment failure. BAs a consequence, this raport
must be taken as a progress report, with the final report to be
submitted at a later date.

II. Calibration of Betatron and Establishment of Incident Spectrum

For this work, the betatron of the Nuclear Engineering Laboratory

served as a source of gémma radiation. Since the betatron had not
been used for some time prior to this work, it was necessary to check
the energy calibration. In addition, to evaluate the response of

a detector, the spectrum incident on the detector must be known,

To accomplish the calibration and determination of the incident
spectrum, the experimental arrangement shown in Figure 1 was used.
The bremsstrahlung radiation produced by the betatron was collimated
and directed against a collimated 5" x 4" Nal detector. The beam
was attenuated with various thicknesses of Aluminum to eliminate the
large amount of low energy pulses incident on the detector. - The

hardening of the incident spectrum helps eliminate
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pulse pile up and makes the determination of the maximum 6r end point

energy much easier to discern. The intensity of the beam was monitored

with a high pressure ionization chamber connected to a vibrating.reea
electrometer and chart recorder. The output of the detector was pumped

by a pre-awplifier to a multichannel analyzer which was gated on with

the electron injection pulse of thé betatron. The gate delay and width

was set to enclose the width of the bremsstréhlung pulse, so that the
muitichannel analyzer counted only during the time that bremsstrahlung

was produced. This significantly reduced the background during the
measurement. In addition, the pre-amplifier output was sent to an
oscilloscope triggeféd by the betatron injection pulse. The time

interval between injection and the bremsstrahlung pulse is related to the
bremsstrahlung end point energy (the end point energy is proportional to the
sine of the time interval between injection and the production of bremsstrah-

lungg

1))' Thus, a plot of the end point energy vs. time interval yields a
calibration curve for the betatron.

The measured pulse hgight output was cbnverted to aﬁ incident photon
speé;rum by an unfolding program which had-been previously developed,(l)
and had proven to be quite successful for unfolding high energy gamma
pulse height speqtré. The ﬁrogram had been improved for this work, in
that separate channels were coﬁbined to form eﬁergy bins in accordance
with the detector resolqtion, rather than with the ad-hoc technique of
adding 10 channels at a time which had been done previously.

A typical result of this phase of tﬂé investigation is shown in
Figuréiz. There are several important points to note in this figure,

To begin with, the sharp cut-off at the end point energy as indicated

in the figure (at 8.1 MeV) allows for accurate calibration. This sharp
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cut-of £ is a result ﬁf fhe finite bremsstrahlung cross section

at the maximum energy'(or the energy of the electron which produced

the spectrum.) Secondly, since the experiment utilized "good geometry",
it was anticipated that the incident spectrum would be the brgmsstrah-
lung spectrum attenuated by the Aluminum. The theoretical bremsstrah-
lung spectrum was taken from Schiffsz) while the attenuation coeffiecients

(3)

were taken from the work of Grodstein. it can be seen that good agree-
ment is obtained with the experimental data when the incident spectrum is
taken as an attenuated Schiff spectrum. This work with the Nal. detector

thus established the betatron energy calibration and the betatron spectrum.

ITY. Experimental Set-up for Determining Response of NE-213 Detector,

The experimental afrangement shown in Figure 3 was used to determine
the pulse height response of the NE-213 detector. The bremsstrahlung béamr“
was &irected against the detector, and the pulse height output from tﬂe
linear output of the photomultiplier was pumped by a pre-amplifier to an o
amplifier and then to the MCA. 'Aﬁ"édaitiéhéi_éﬁﬁiifiér“wéé“nééééséfy?fdr“.'
this pﬁase of the‘experimentél work because of the low output pﬁ}ses produced
by the detector. The voltage on the detécfor was maintained at 1500 V., -
since higher voltages saturated the pulses.‘ The measurement of the bean
intensity agd the gating of the MCA was the samé as used for the incident
spectrum measurcement. The betatron energy was ﬁonitored with the Nal
detector located outside of the beam; its output was sent to an oscillo~
scope triggered by the betatron electron gun injection~pulée. The time
span between the electron injection and the Bremsstrahlung pulse'ﬁas
read on the oscilloscope to ascertain the end point energy from the pré— 

viously determined calibration curve.
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IV. Experimental Results

The calibration of the NE-213-MCA combination . was done with the

, .
radioactive sources 137CS,60C0 and 2Na. A typical (ungated) spectrum

13703 is shown in Figure 4, which has the expected shape with a

for
peék ét the Compton edge. The calibration curve obtained with these
sources is shown in Figure 5, where the Compton edge energy 1is
plotfed against channel number. Good linearity.was achieved, and the
combination of spectral sﬁa%e and linearity indicated proper operation
of the electronics., A typical result obtained from a bremsstrahlung
spectrﬁm 1s shown in Figure 6,7where the recorded counts vs Energy
.are plotted. The curve shown is for an incident bremsstrallung end
point energy of 5.0 MeV, which has a Compton e&ge at 4.76 MeV. Curves

similar to Figure 4 were obtained for end point energies from 2 MeV

to 9 MeV. Lower energies will be obtained with radioactive sources.

V. Remaining Work

The primary work which remains to be accomplished is to unfold
the response function from the known inecident spectra and the measured
pulse height spectra, and to check the response agéinst known sourcas.
Some additional experimental checks Willlundoubtedly have to be made

to accomplish this. It is anticipated that most of the remaining work

will be completed this summer.
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